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Protein disulfide isomerasea b s t r a c t
Protein disulfide isomerase functions as a folding catalyst in the endoplasmic reticulum. Its b0 and a0
domains provide substrate-binding sites and undergo a redox-dependent domain rearrangement
coupled to an open–closed structural change. Here we determined the first solution structure of
the a0 domain in its oxidized form and thereby demonstrate that oxidation of the a0 domain induces
significant conformational changes not only in the vicinity of the active site but also in the distal b0-
interfacial segment. Based on these findings, we propose that this conformational transition triggers
the domain segregation coupled with the exposure of the hydrophobic surface.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Protein disulfide isomerase (PDI) catalyzes thiol/disulfide
exchange reactions of nascent polypeptides, thereby serving as
an essential folding catalyst in the endoplasmic reticulum [1].
This redox enzyme has a multi-domain structure consisting of four
thioredoxin-like domains: a, b, b0 and a0 and an acidic C-terminal
extension [2–4]. The active sites, which possess a WCGHCK motif,
are located in the a and a0 domains [5]. Among these four domains,
the b0 and a0 domains, which are connected via a flexible linker, are
primarily responsible for substrate binding [6,7]. On the basis of
biophysical studies, including small-angle X-ray scattering and
NMR spectroscopy, we demonstrated that the b0 and a0 domains
exhibited a redox-dependent domain rearrangement; oxidationof the a0 active site caused segregation of the two domains, with
the exposure of the hydrophobic surface spanning across these
two domains [7,8]. On the basis of these findings, we propose that
in the oxidized state, the b0–a0 domains are in an open state to cap-
ture the unfolded substrate. In this state, the enzyme facilitates
disulfide bond formation in the substrate, after which the enzyme
gets converted to the reduced form with closed conformation
releasing the folded substrate having the disulfide bridge [1,4,7].
To date, the crystal structures of PDI have been determined
including the b0–a0 domains in both redox states [9–12]. In general,
however, the conformations of multi-domain proteins have inter-
nal flexibility and therefore may be considerably affected by crystal
packing [13–19]. For example, the inter-domain interaction
between the b0 and a0 domains found in the reduced form of human
PDI, which was mediated by an a0 active-site tryptophan side-chain
[10,11], could not be observed in the crystal structure of ther-
mophilic fungal PDI b0–a0 domains [12]. Additionally, in the molec-
ular dynamics (MD) simulation of the human full-length PDI, no
significant changes were observed in the distances between the
domains regardless of the redox state [20]. On the other hand,
our MD simulation of the fungal PDI a0 domain revealed that a
redox-dependent conformational transition occurs in the b0-
interfacial segment of this domain [12]. However, although the
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determined, the oxidized structure of this domain remains unre-
ported, primarily because of its low solubility [7,21,22].
In this study, we performed NMR analysis of the a0 domain of
thermophilic fungal PDI in the oxidized state. Our NMR data
revealed that a redox-coupled conformational change of the a0
domain takes place not only in the vicinity of its active site but also
in the b0 domain interface, thereby providing structural insight into
the functional domain rearrangement mechanism of PDI.2. Materials and methods
2.1. Protein expression and purification of the reduced and oxidized
forms of the PDI a0 domain
The purification of the PDI a0 domain (residues 334–449) from
Humicola insolens was performed as previously described [7,21].
To prepare the oxidized form, the purified protein (1 mg/ml) was
dialyzed against 50 mM Tris–HCl (pH 8.0) containing 0.1 mM oxi-
dized glutathione for 1 week. Regarding the reduced form, the pro-
tein was dissolved in a buffer containing 10 mM dithiothreitol
(DTT). An active site mutant (C365S/C368S) was purified in the
same way as the wild type.
2.2. NMR measurements and spectral analysis
NMR samples (at a protein concentration of 0.1 mM) were pre-
pared in 10 mM sodium phosphate buffer (pH 6.0) containing
100 mM KCl, 0.05% NaN3 and 10% or 100% D2O. In the reduced
form, 10 mM d-DTT was added into the buffer. The NMR experi-
ments were performed at 303 K using DMX-500, AVANCE800
(Bruker Biospin) and JNM-ECA920 (JEOL) spectrometers equipped
with 5-mm triple-resonance probes. Backbone resonance assign-
ments were obtained using 2D 1H–15N HSQC and 3D measure-
ments, including HNCO, HN(CO)CA, HNCA, HN(CA)CO, CBCANH
and CBCA(CO)NH. Side-chain assignments were achieved from
3D HCCH-COSY, HCCH-TOCSY and 15N-edited TOCSY experiments.
NOE restraints were obtained from 2D 1H–1H NOESY, 3D 15N-
edited NOESY and 13C-edited NOESY spectra. The NMR data were
processed and analyzed using NMRPipe [23], SPARKY [24] and
CCPNMR [25] software. NOE assignments and structure calcula-
tions were performed using CYANA3.0 [26]. For the 3D structure
calculation, the backbone dihedral angle restrains forw and uwere
generated by TALOS [27]. A total of 100 structures were subjected
to structural calculation and the 10 lowest target function struc-
tures were extracted, representing the 3D structural models of
the oxidized and reduced a0 domain of PDI. The stereochemical
qualities of the calculated structures were validated by
PROCHECK-NMR [28]. Chemical shift perturbations observed for
15N-labelled PDI-a0 in the absence and presence of 8-anilino-1-
naphthalenesulfonic acid (ANS) in its redox states were quantified
as (0.04DdN2 + DdH2)1/2, where DdH and DdN are the observed chem-
ical shift changes for 1H and 15N, respectively.3. Results and discussion
3.1. Solution structures of the PDI a0 domain
To obtain structural insights into the molecular mechanism of
the redox-coupled domain rearrangement of PDI, we performed
NMR analysis of the a0 catalytic domain (residues 334–449) in its
reduced and oxidized states. Because the isolated a0 domain is
insoluble under oxidizing conditions and thus difficult to work
with, we first screened sample preparation conditions for the
NMR analysis. Consequently, we found that the a0 domain stablyexists at a 0.1 mM protein concentration at 303 K for several days.
This enabled us to perform a series of multi-dimensional NMR
spectral measurements for spectral assignments and structure
determination in solution. Fig. 1A compares HSQC spectral data
of the a0 domain between the reduced and oxidized states, which
exhibited larger chemical shift changes in the peaks originating
from the b3–4 segment, as exemplified by Ala398 and Phe410, in
addition to those from the area surrounding the active site
(Fig. 1B). On the basis of the spectral data, we determined the first
NMR structure of the a0 catalytic domain in the oxidized state
(Table 1). In addition to the oxidized form, we also determined
the structure of the reduced form using identical measurement
conditions as a reference, even though the structure at a higher
temperature, 310 K, has been previously reported [7]. The coordi-
nates of the structures of the reduced and oxidized forms in solu-
tion of the PDI a0 domain have been deposited in the Protein Data
Bank under the accession numbers 2RUF and 2RUE, respectively
(Fig. 2).
3.2. Comparison of the structure of the PDI a0 domain in the reduced
and oxidized states
To address the structural mechanism of the redox-coupled
domain rearrangement observed in solution [7,8], we compared
the a0 domain conformation between its oxidized and reduced
state in solution as well as in crystalline form. Conformational
changes were observed in the solution structure of a0 between
redox states with RMSD of 1.88 Å for 115 Ca atoms (for each low-
est penalty structure), exhibiting significant conformational differ-
ences in the b3–4 and b4–5 loops together with the C-terminal
region of a2 (Supplementary Fig. S1). This is in marked contrast
to our previously reported crystallographic data of the redox forms
of the b0–a0 domains, in which the a0 domain exhibits little confor-
mational differences between the forms, with an RMSD of 0.23 Å
for 112 Ca atoms (Supplementary Fig. S2A) [12]. Comparison
between the crystalline and solution structures indicated a struc-
tural similarity between the reduced forms of the a0 domain and
significant conformational differences between its oxidized forms,
particularly in b3–4 loop conformation (Supplementary Fig. S2B
and C).
In previously reported crystal structures of PDI containing the
oxidized a0 domain, including our b0–a0 crystal structure, the b3–4
loop was in contact with a neighboring molecule in the crystal lat-
tice [10–12]. Moreover, our previous MD simulation, employing
the oxidized form of the a0 domain in our b0–a0 crystal structure
as the initial coordinates, showed that the segments including
the b3–4 loop fluctuated more when the simulation was run using
the coordinates from the reduced form [12]. Furthermore, we pre-
pared a C365S/C368S mutant of the a0 domain as a mimic of the
reduced form and subjected it to NMR measurement. The HSQC
spectral pattern of this mutant was quite similar to that of the
reduced form of the a0 domain (Supplementary Fig. S3A), again
indicating that cleavage of the disulfide bridge of the a0 domain
induced a conformational change not only in the vicinity of the
active site but also in the distal area including the b3–4 loop.
3.3. The hydrophobic region of the a0 domain is exposed in the oxidized
state
It has been suggested that PDI captures misfolded or unfolded
substrates through the exposed hydrophobic surface displayed
on the oxidized form of the b0–a0 domains [4,7]. Indeed, the fluores-
cence of ANS, which is a widely used hydrophobic probe [29], was
more enhanced by the oxidized form of the b0–a0 domain in com-
parison with its reduced form [7]. We attempted to map the
ANS-binding hydrophobic surfaces of the a0 domain on the basis
Fig. 1. Redox-dependent conformational change of the PDI a0 domain probed using NMR. (A) 1H-15N HSQC spectra of the oxidized (blue) and reduced (red) a0 domain. (B)
NMR chemical shift changes on disulfide bridge formation in the active site of the a0 domain. Filled circle indicate that chemical shift changes were more than 0.30 ppm for
Cys365 (2.85 ppm), Gly366 (3.12 ppm) and Lys369 (0.66 ppm). Asterisks indicate proline residues. The secondary structure elements are indicated above the plots.
Table 1
Solution structural data of the a0 domain of PDI.
Oxidized Reduced
Restraints used in the structure calculation
Number of distance restraints 1361 1813
Number of hydrogen bonds 34 36
Geometric statistics
R.m.s.d from the mean structurea (Å)
Backbone atoms of secondary structure
elements
0.45 ± 0.06 0.34 ± 0.04
Heavy atoms of secondary structure elements 0.89 ± 0.06 0.78 ± 0.06
Ramachandran analysis (%)
Most favored regions 83.5 79.5
Additional allowed regions 16.4 20.5
Generously allowed regions 0.1 0
Disallowed regions 0 0
a Mean coordinates were obtained by averaging coordinates of the 10 calculated
structures.
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changes were observed in the oxidized form, whereas little or no
spectral perturbation was observed in the reduced form or in theC365S/C368S active site mutant (Supplementary Fig. S3B), indicat-
ing that the hydrophobic patch(es) of the a0 domain became
exposed upon disulfide formation at the a0 active site. The residues
that are perturbed upon ANS binding are located at the active site
(Cys365, Lys369, Ala370 and Ala372), the b3–4 loop (Val403 and
Thr412) and the N-terminal portion of a3 (Glu434 and Leu436)
(Fig. 3). Half of these residues possess a hydrophobic side chain
that may be involved in binding to this hydrophobic probe.
3.4. Functional relevance of the observed conformational change of the
a0 domain
Our previous study, including SAXS data, indicated that the
reduced form of the b0–a0 domains has a closed conformation,
shielding the substrate-binding hydrophobic surface in solution
[7,8]. To date, a crystal structure exhibiting the closed conforma-
tion of the b0–a0 domains is available only for the reduced form
of human PDI [10,11]. Upon the disulfide cleavage in the a0 active
site, the adjacent Trp396 side-chain was flipped out, thereby inter-
acting with the Arg300 side-chain of the b0 domain. In this crystal
structure, the b3–4 loop of the a0 domain is also involved in an
inter-domain interaction with the b0 domain. The recent MD
Fig. 2. Comparison of the structures of the PDI a0 domain in its oxidized and reduced states in solution. The backbone atom superimposition of the final 10 structures of the
(A) oxidized and (B) reduced PDI a0 domain are depicted. The residues Pro336–Ala449 are presented. The positions of b strands, a helix, N and C termini are indicated.
Fig. 3. Chemical shift perturbations upon binding of ANS. (A) Chemical shift changes in the a0 domain upon binding of ANS in the oxidized (upper) and reduced (lower) states.
(B) Mapping of the perturbed residues on the oxidized a0 domain upon the binding of ANS. The red gradient indicates the strength of the perturbation.
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Lys326, located in b5 of the b0 domain, and Glu431, located in
the b3–4 loop of the a0 domain [20]. Intriguingly, these charged
amino acid pairs are highly conserved from fungi to humans, sug-
gesting that the b3–4 loop may play a role in mediating the inter-
domain interaction. By contrast, the Arg300–Trp396 interaction
was not detected in the MD simulation [20]. By inspecting these
crystallographic and MD data in conjunction with the present
NMR data, we propose the following mechanistic model ofredox-dependent conformational change of the substrate-binding
domain of PDI: the disulfide formation at the active site of the a0
domain triggers conformational transition of the b3–4 loop, located
at the interface with the b0 domain, thereby impairing the opti-
mum domain-domain interaction. Consequently, the segregated
b0 and a0 domains display exposed hydrophobic surfaces, which
contribute to the capture of hydrophobic substrates.
In conclusion, this study revealed redox-dependent structural
changes of the catalytic a0 domain of PDI in solution, highlighting
2694 K. Inagaki et al. / FEBS Letters 589 (2015) 2690–2694the allosteric conformational change of the b3–4 loop as a domain
rearrangement switch, as well as a potential substrate-binding
hydrophobic segment.
Acknowledgements
We thank Drs. Hisashi Okumura, Satoru G. Itoh, and Takumi
Yamaguchi (National Institutes of Natural Sciences) for the valu-
able discussion and comments on this manuscript and Yukiko
Isono (National Institutes of Natural Sciences) for her help in the
preparation of the C365S/C368S mutant protein. We also thank
Dr. Osamu Asami and Dr. Tsumoto Kajino of Toyota Central
Research and Development Laboratory for providing the cDNA of
the fungal PDI. This work was supported in part by JSPS
KAKENHI (Grant Numbers 24770102, 25121730 to T.S. and
25102008 to K.K.), by the Okazaki ORION project and by the
Nanotechnology Platform Project from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2015.07.
041.
References
[1] Wilkinson, B. and Gilbert, H.F. (2004) Protein disulfide isomerase. Biochim.
Biophys. Acta 1699, 35–44.
[2] Edman, J.C., Ellis, L., Blacher, R.W., Roth, R.A. and Rutter, W.J. (1985) Sequence
of protein disulphide isomerase and implications of its relationship to
thioredoxin. Nature 317, 267–270.
[3] Freedman, R.B., Klappa, P. and Ruddock, L.W. (2002) Protein disulfide
isomerases exploit synergy between catalytic and specific binding domains.
EMBO Rep. 3, 136–140.
[4] Serve, O., Kamiya, Y. and Kato, K. (2011) Redox-dependent chaperoning,
following PDI footsteps in: Protein Folding (Walters, E.C., Ed.), pp. 489–500,
NOVA Science Publishers, New York.
[5] Kemmink, J., Darby, N.J., Dijkstra, K., Nilges, M. and Creighton, T.E. (1996)
Structure determination of the N-terminal thioredoxin-like domain of protein
disulfide isomerase using multidimensional heteronuclear 13C/15N NMR
spectroscopy. Biochemistry 35, 7684–7691.
[6] Klappa, P., Ruddock, L.W., Darby, N.J. and Freedman, R.B. (1998) The b0 domain
provides the principal peptide-binding site of protein disulfide isomerase but
all domains contribute to binding of misfolded proteins. EMBO J. 17, 927–935.
[7] Serve, O. et al. (2010) Redox-dependent domain rearrangement of protein
disulfide isomerase coupled with exposure of its substrate-binding
hydrophobic surface. J. Mol. Biol. 396, 361–374.
[8] Nakasako, M. et al. (2010) Redox-dependent domain rearrangement of protein
disulfide isomerase from a thermophilic fungus. Biochemistry 49, 6953–6962.
[9] Tian, G., Xiang, S., Noiva, R., Lennarz, W.J. and Schindelin, H. (2006) The crystal
structure of yeast protein disulfide isomerase suggests cooperativity between
its active sites. Cell 124, 61–73.[10] Wang, C., Yu, J., Huo, L., Wang, L., Feng, W. and Wang, C.C. (2012) Human
protein-disulfide isomerase is a redox-regulated chaperone activated by
oxidation of domain a0 . J. Biol. Chem. 287, 1139–1149.
[11] Wang, C., Li, W., Ren, J., Fang, J., Ke, H., Gong, W., Feng, W. and Wang, C.C.
(2013) Structural insights into the redox-regulated dynamic conformations of
human protein disulfide isomerase. Antioxid. Redox Signal. 19, 36–45.
[12] Inagaki, K., Satoh, T., Itoh, S.G., Okumura, H. and Kato, K. (2015) Redox-
dependent conformational transition of catalytic domain of protein disulfide
isomerase indicated by crystal structure-based molecular dynamics
simulation. Chem. Phys. Lett. 618, 203–207.
[13] Brunger, A.T. (1997) X-ray crystallography and NMR reveal complementary
views of structure and dynamics. Nat. Struct. Biol. 4 (Suppl), 862–865.
[14] Skrynnikov, N.R., Goto, N.K., Yang, D., Choy, W.Y., Tolman, J.R., Mueller, G.A.
and Kay, L.E. (2000) Orienting domains in proteins using dipolar couplings
measured by liquid-state NMR: differences in solution and crystal forms of
maltodextrin binding protein loaded with b-cyclodextrin. J. Mol. Biol. 295,
1265–1273.
[15] Chou, J.J., Li, S., Klee, C.B. and Bax, A. (2001) Solution structure of Ca2+-
calmodulin reveals flexible hand-like properties of its domains. Nat. Struct.
Biol. 8, 990–997.
[16] Bertini, I., Kursula, P., Luchinat, C., Parigi, G., Vahokoski, J., Wilmanns, M. and
Yuan, J. (2009) Accurate solution structures of proteins from X-ray data and a
minimal set of NMR data: calmodulin-peptide complexes as examples. J. Am.
Chem. Soc. 131, 5134–5144.
[17] Gottstein, D., Kirchner, D.K. and Güntert, P. (2012) Simultaneous single-
structure and bundle representation of protein NMR structures in torsion
angle space. J. Biomol. NMR 52, 351–364.
[18] Cerofolini, L. et al. (2013) Examination of matrix metalloproteinase-1 in
solution: a preference for the pre-collagenolysis state. J. Biol. Chem. 288,
30659–30671.
[19] Rinaldelli, M., Ravera, E., Calderone, V., Parigi, G., Murshudov, G.N. and
Luchinat, C. (2014) Simultaneous use of solution NMR and X-ray data in
REFMAC5 for joint refinement/detection of structural differences. Acta
Crystallogr. D Biol. Crystallogr. 70, 958–967.
[20] Yang, S. et al. (2014) Compact conformations of human protein disulfide
isomerase. PLoS One 9, e103472.
[21] Nakano, M. et al. (2006) NMR assignments of the b0 and a0 domains of
thermophilic fungal protein disulfide isomerase. J. Biomol. NMR 36 (Suppl. 1),
44.
[22] Darby, N.J. and Creighton, T.E. (1995) Functional properties of the individual
thioredoxin-like domains of protein disulfide isomerase. Biochemistry 34,
11725–11735.
[23] Delaglio, F., Grzesiek, S., Vuister, G.W., Zhu, G., Pfeifer, J. and Bax, A. (1995)
NMRPipe: a multidimensional spectral processing system based on UNIX
pipes. J. Biomol. NMR 6, 277–293.
[24] Goddard, T.D. and Koeller, D.G. (1993) Sparky, Version 3.0, University of
California, San Francisco, CA.
[25] Vranken, W.F. et al. (2005) The CCPN data model for NMR spectroscopy:
development of a software pipeline. Proteins 59, 687–696.
[26] Güntert, P. (2004) Automated NMR structure calculation with CYANA.
Methods Mol. Biol. 278, 353–378.
[27] Cornilescu, G., Delaglio, F. and Bax, A. (1999) Protein backbone angle restraints
from searching a database for chemical shift and sequence homology. J.
Biomol. NMR 13, 289–302.
[28] Laskowski, R.A., Rullmannn, J.A., MacArthur, M.W., Kaptein, R. and Thornton, J.
M. (1996) AQUA and PROCHECK-NMR: programs for checking the quality of
protein structures solved by NMR. J. Biomol. NMR 8, 477–486.
[29] Weber, G. and Laurence, D.J. (1954) Fluorescent indicators of adsorption in
aqueous solution and on the solid phase. Biochem. J. 56, xxxi.
